In eyes absent (eya) mutants, eye progenitor cells undergo cell death early in development. Whereas the phenotype of eya 1 is limited to the eye, other mutations are lethal. Genetic and molecular analysis reveals that mutations in one region of the gene cause embryonic lethality, whereas mutations throughout the gene cause defects in eye development. Mosaic analysis indicates that the eya requirement is cell autonomous. In eye-specific mutants, expression in the eye disc is lacking while embryonic expression is normal. Both the type I and type II transcripts are expressed in the developing eye, and expression of either can rescue the eye phenotype. These data indicate a specific requirement for eya function in eye progenitor cells that is normally fulfilled by both transcripts.
Introduction
The Drosophila eye is a focus of attention for defining mechanisms of development, many of which are highly conserved to vertebrates (Zipursky and Rubin, 1994; Bonini and Choi, 1995; Halder et al., 1995b; Kumar and Moses, 1997) . Since the fly visual system is not required for survival of the organism, genetic manipulations specific to eye development are readily observable in the adult. The remarkably regular lattice structure of the eye, comprised of some 800 repeating 22-cell units (ommatidia), facilitates analysis of mutations that lead to disruptions of the pattern. Patterning in the eye primordium -the eye imaginal discbegins in the late third instar larval stage, when a wave of differentiation traverses the field of proliferating progenitor cells; this wave, punctuated by an indentation, is known as the morphogenetic furrow (Ready et al., 1976) . Initiated at the posterior end of the disc, the furrow travels anteriorly. As it passes, progenitor cells exit the cell cycle, then become recruited into clusters where their fates are specified by interactions with the surroundings (Wolff and Ready, 1993) . Thus, along the anterior-posterior axis, the eye disc shows a time line of development in which the most mature clusters are located at the posterior, while those in the earliest stages of development are adjacent to the morphogenetic furrow. Among the many events occurring at or near the furrow is the death of a portion of the cells, even in the normal fly (Wolff and Ready, 1991; Bonini et al., 1993; Hay et al., 1994) . This cell death morphologically resembles programmed cell death, a mechanism of cell removal recognized as important in development, oncogenesis and cellular response to viral infections (Ellis et al., 1991) .
In eya mutants, cell death at the furrow is massive; in extreme alleles, all the eye progenitor cells die and the adult compound eyes are completely absent (Bonini et al., 1993) . While much has been learned about molecular mechanisms that function among cells posterior to the furrow, and about signaling mechanisms that maintain progression of the furrow (reviewed in Heberlein and Moses, 1995) , less is known about events that control cell differentiation and survival at this critical time. Genes involved in events anterior to the furrow include ey (eyeless) (Quiring et al., 1994) , eya (eyes absent) (Bonini et al., 1993) , and so (sine oculis) (Cheyette et al., 1994; Serikaku and O'Tousa, 1994) .
Loss of function of eya or so results in elimination of progenitor cells by cell death anterior to the furrow. Ectopic expression of ey can induce the formation of ectopic eyes, suggesting that ey may be a control gene for eye development (Halder et al., 1995a) . Another gene, dac (dachshund) , that is thought to function in furrow initiation, can induce ectopic eye formation, at least in part by activating expression of ey (Shen and Mardon, 1997) . The same is true for eya (Bonini et al., , 1998 . These genes may affect many biological steps, including competence to form eye tissue, events of differentiation such as receiving or transducing signals, cell cycle control, and cell survival.
The ey and so genes present clues to their function based on sequence homology: both are homeobox genes (Cheyette et al., 1994; Quiring et al., 1994; Serikaku and O'Tousa, 1994) . The ey gene is a Drosophila homolog of human Aniridia (Quiring et al., 1994) , and vertebrate genes homologous to so have been defined (Oliver et al., 1995) . The eya gene predicts a novel protein that is highly conserved in sequence to vertebrates, and expressed in the vertebrate eye (Abdelhak et al., 1997; Duncan et al., 1997; Xu et al., 1997; Zimmerman et al., 1997) . Eya protein can interact with Dac and So proteins, and, since eya itself can induce ectopic eye formation, these studies suggest a role for Eya in transcriptional regulation Chen et al., 1997; Pignoni et al., 1997) . Moreover, given the synergistic interactions of eya with a number of other developmental genes, the eya gene appears to be a central player in eye formation Chen et al., 1997; Pignoni et al., 1997; also Desplan, 1998) . Greater analysis of molecular genetic aspects of eya regulation and function, therefore, may provide fundamental information critical to addressing the biological role of eya in eye development.
Previously, we showed that the eya gene gives rise to two transcripts encoding proteins that are identical over much of their length, but differ at their N-termini (Bonini et al., 1993) . The dual products of eya are intriguing in light of the genetic properties of eya alleles: some alleles of eya are eye-specific while others are lethal. In addition, the eyespecific alleles interact with some lethal alleles by transvection (Leiserson et al., 1994) . Here, we define the relationships between the two transcripts and the genetic functions of eya. This analysis may lead to greater insight into aspects of regulation of eya that are important for its central role in eye formation.
Results

Effects of mutations of eya in the embryo and the eye
The original recessive allele of eya (eya 1 ) (Sved, 1986) when homozygous, completely lacks the compound eyes, but is adult viable. However, most mutagen-induced alleles are lethal when homozygous (Table 1) . Mapping of the lethal and eye phenotypes of several of the latter alleles by recombination located their mutations to the same interval of chromosome 2L, between the markers dp and spd; in no cases were the two phenotypes separated. Lethal alleles isolated independently by others also map to this region (Nüsslein-Volhard et al., 1984) . All the alleles failed to complement Df(2L)eya 10 , a deficiency that spans the eya gene by molecular criteria (data not shown). X-ray-induced lethal alleles with chromosomal rearrangements share a common breakpoint at region 26E on the second chromosome (Bonini et al., 1993; Fig. 1) . The eye phenotypes of these alleles were tested in heterozygotes over viable eya alleles (Table 1) . There was no evidence of separate genes 
The alleles with no letter prefix are spontaneous in origin; those denoted E were induced by EMS; those denoted D arose from P-element dysgenesis; and the 'clift' alleles were induced by EMS. b The results in these two columns were obtained from crosses at 30°C. All other crosses were done at 25°C. c For all but the viable alleles, the hatching rate of embryos was determined from a cross of eya/+ × Df/+. The fraction of embryos that hatched was measured, then normalized to the fraction that were expected to be eya homozygotes. The hatching rates are represented as: 0, 0% (embryonic lethal); •, less than 50%; ••, 50% to less than 100%; viable, no lethality was detected as adults. d The adult survival rate was calculated by measuring the fraction of adult eya mutant progeny, then normalizing this value to the fraction that would be expected if there were no lethality. The survival rates are represented as: 0, 0% (fully lethal); •, less than 50%; ••, 50% to less than 100% survival to adulthood. e For the eye phenotype, 0, eyeless, •, eye less than 1/2 normal size, ••, eye from 1/2 to less than full size; L, lethal so the adult eye phenotype could not be assessed.
for the two phenotypes; the embryo and eye phenotypes both mapped together. The lethal phases of the most severe alleles is embryonic, as shown by reduced rates of larval hatching (Table 1 ; see also Nüsslein-Volhard et al., 1984; Bonini et al., 1993) . For some alleles, death was post-embryonic, while others exhibited intermediate phenotypes, some animals dying as embryos and others dying later in development. The embryonic lethal phase implies an embryonic function for the eya gene, although the gene may also be required for viability at later stages. Analysis of the lethal alleles indicates early defects in gonad formation, and later defects in the process of head involution (Nüsslein-Volhard et al., 1984; Bonini et al., 1993 Bonini et al., , 1998 Boyle et al., 1997) .
The type I and type II transcripts show differential expression in the embryo
Given the two distinct eya phenotypes, we wanted to know whether they were related to expression of the two eya gene products inferred from two classes of cDNAs isolated (Bonini et al., 1993) . The type I and type II transcripts are closely similar in size and contain common sequences, but different 5′ segments. On Northern blots of polyA + RNA from eye imaginal disks, probed with either cDNA, one sees a single band of about 3.5 kb consistent with the size of the clone inserts (Bonini et al., 1993) . Their expression patterns were examined by Northern analysis and by tissue in situ hybridization, using probes specific for the 5′ exons of type I and type II. While both transcripts were expressed in the normal developing eye (Fig. 2) , the normal embryo showed selective expression of type II (Fig. 3) . A detailed description of the embryonic in situ expression pattern is presented elsewhere (Bonini et al., 1998) . Briefly, the expression is dynamic, starting at blastoderm as an anterior crescent. By stage 11, several regions of the head are stained, and expression is seen in the mesoderm. In later stages, expression continues in the head and is present in a segmentally repeated pattern in the thoracic and abdominal segments. Expression is detected in the eye primordium during the second instar larval stage (Bonini et al., 1993) .
eya is required autonomously in eye progenitor cells, suggesting a function temporally and spatially distinct from the embryonic function
To assess the cellular requirement for eya in cells of the developing eye, we used the somatic mosaic technique to generate clones of cells that were mutant for eya in a background of cells with normal eya function (Fig. 4A ). This test also addresses the question of when eya function is necessary for eye progenitor cell development.
Three of the possible anticipated outcomes are shown in Fig. 4B . If the developmental requirement for eya is nonautonomous, then mutant cells could be rescued by eya function in neighboring cells; patches of mutant cells could occur in an otherwise normal eye. If the requirement is autonomous, then such patches should not occur; the cells might die, leaving no trace of their existence in the adult, or the mutant patch might cause a patterning defect in the adult eye.
First instar white − (w) larvae heterozygous for a chromosome bearing the eya 2 mutant allele and a marker gene, whs, were irradiated to induce mitotic recombination in somatic tissues. The whs construct contains a w + gene that is semidominant such that, from the color of the eye, one can tell whether a cell has one (light red pigment), two (dark red), or no (white) copies of the whs construct. X-ray induced recombination in a dividing progenitor cell can give rise to two daughter cells of differing genotype, one with two wild-type copies of the eya gene and the other with two mutant copies (Fig. 4A ). These cells may continue dividing to generate two clonal patches, or 'twin spots' The genotypes of the cells in these patches could be distinguished from each other, and from the background sea of heterozygous cells, by the color imparted by the semi-dominant whs marker.
In control experiments, when clones were induced in animals genetically wild-type for the eya gene but heterozygous for the whs insert, the presence of a white patch was accompanied in half the cases (44/95) by a twin dark patch (Table 2 , Fig. 4C ). When the experiment was carried out with eya 2 /+ animals, no homozygous eya mutant cell clones Fig. 1 . Molecular map of the eya gene. Above the map are indicated the breakpoints of the X-ray alleles used in this study. Below are the intronexon structures of the type I and type II transcripts. The region falls in cytological location 26EF on chromosome 2, between genes dp and spd. were found to accompany the appropriate twin patch in over 80 mosaic eyes scored (Table 2 , Fig. 4D ).
In the eya mosaic eyes, no significant patterning defect was observed under the dissecting microscope. Sections of nine eyes confirmed the absence of mutant patches; in seven of these eyes, the ommatidial lattice near the twin dark patch was normal, whereas two cases showed only minor abnormalities. These data indicate that eye progenitor cells deprived of eya gene function do not survive to the adult eye, and are not rescued by neighboring cells having normal eya function. Therefore, eya functions in a cell-autonomous manner within eye progenitor cells. Moreover, since the homozygous mutant cells were induced by irradiation postembryonically, this analysis suggested that the requirement for eya defined by the eye-specific mutant alleles is not only intrinsic to eye progenitor cells, but also occurs after the completion of embryogenesis.
The eye and lethal phenotypes of eya can be differentially affected by mutation
The eya 1 and eya 2 mutants are fully viable, yet fully eyeless (Fig. 5B) . In contrast, the eya E11 mutant has a sizable eye (Fig. 5C ), even though eya E11 reduces viability in trans to many alleles (data not shown). The differential effects of these mutations on eye formation versus viability suggested that the eye and vital functions of the gene are differentially mutable. To address this possibility, we tested many alleles in trans to a chosen set of eya alleles. Results for two of the latter are shown in Table 1 . In most cases, the fraction of mutant flies surviving to adulthood was pari passu with eye size, indicating that both the vital function and eye development were similarly affected. Nevertheless, for the spontaneous alleles, all were viable while their eyes were reduced or absent. Similar results were observed in flies bearing these alleles in trans to a deficiency: they showed good survival, while their eyes were severely reduced or completely lacking. This indicated that these alleles supply the vital functions of the gene and are mutated in functions related to the eye.
The eye and lethal phenotypes map to different parts of the gene
Several chromosomal breakpoint alleles have been mapped at the molecular level within the eya gene and have been shown to disrupt the gene in different places (Bonini et al., 1993; see Fig. 1 ). We used these alleles to determine whether the lethal and eye phenotypes mapped to the same or different regions of the gene. Each breakpoint allele was crossed to two hypomorphic alleles, and their effects on survival to the adult and on eye size was measured (Fig. 6 ). The data indicated that breaks disrupting the 3′ region of the gene had much greater lethal effects than breaks in the 5′ region of the gene. For example, the survival rate was as high as 80% for the combination eya X15 /eya E11 (Fig. 6 ). In contrast, for the eya X8 and eya X16 alleles, with breakpoints in the 3′ region, neither eya X8 /eya E11 nor eya X16 / eya E11 showed any survival to adulthood.
To assay the embryonic function directly, the hatching rate was measured for eggs from crosses of eya X1 and eya X8 in trans to a deficiency for the eya gene. These alleles are associated with chromosomal inversions whose breakpoints in eya are separated by several kb (see Fig. 1 ). In these crosses, 25% of the progeny were homozygous mutant for eya. For the eya X8 allele, 24% (45/189) of the embryos died; however, for the eya X1 allele, fewer than 2% (4/229) died. These results are consistent with the conclusion that embryonic lethality maps 3′ of the breakpoint of the eya X1 allele. It was not possible to use this assay with other breakpoint alleles because those alleles are associated with translocations that cause embryos to die from chromosomal aneuploidy.
In contrast to the genetic regional specificity of the viability phenotype, no such trend was observed for the eye phenotype. For all allele combinations in which an adult eye could be observed -that is, in which at least some flies survived to adulthood -eye size in heterozygotes was not correlated with the location of the mutation within the gene.
These results, correlating the phenotypes of the X-ray breakpoint alleles with the molecular map of the gene, suggest that the embryonic vital function might be provided specifically by the type II transcript, which spans only the 3′region of the gene (see Fig. 1 ). This is consistent with the fact that the type II transcript is selectively expressed in the embryo (see Fig. 3 ). The eye development function could be provided by the type I transcript which spans both the 3′ and 5′regions of the gene, such that breakpoints in either region could affect eye size. Note, however, that whereas only the type II is expressed in the embryo, both transcripts are expressed in eye progenitor cells (see Fig. 2 ).
The eya 1 and eya 2 alleles are eye-specific and viable. These alleles might be viable as a consequence of loss of eya gene expression in eye progenitor cells, but not in the embryo. Previous studies by Northern analysis indeed showed loss of expression of eya transcripts in the eye tissue of these eye-specific alleles (Bonini et al., 1993) , and we confirmed this by tissue in situ analysis (Fig. 7E,F) . Similar results were found using antibody to the Eya protein on eya 1 mutant eye discs from second and third instar larvae, the earliest stages when Eya is normally expressed in the eye disc. In contrast, eya 1 and eya 2 mutant embryos showed normal eya expression (Fig. 7A-D) . 
eya function can be provided by either type I or type II cDNA
The type I and type II eya transcripts predict proteins that share identical 741 amino acid C-terminal domains, but differ at their N-termini in a 19aa sequence for the type I protein and a 25aa sequence for the type II protein (Bonini et al., 1993) . The fact that both transcripts are expressed in eye progenitor cells raised the question whether they have distinct functions, both being required for normal development of eye progenitor cells. To address this, constructs of type I and type II cDNAs, driven by a heat shock promoter, were made and flies transformed to establish transgenic lines. These lines were crossed into an eya mutant background to test the ability of each cDNA alone to restore eya function to eye progenitor cells.
The ability of each cDNA to restore eya function to eye progenitor cells was tested in two different eya mutant backgrounds. The first was homozygous for eya 2 , which is null for the early eye function of eya. The second was homozygous for eya 4 , a strongly hypomorphic allele of the eya eye function. These alleles define two different classes of eya mutants by transvection analysis (Leiserson et al., 1994) . In both cases, similar results were obtained: expression of either transcript, induced during the third larval instar stage, restored the compound eyes with similar effectiveness (Fig. 8) .
Discussion
The eya gene is essential for eye progenitor cell passage through the differentiation process, blocking entrance into a cell death pathway (Bonini et al., 1993) . Here we define two genetic functions of eya, one in the eye and one in the embryo. Genetic analysis revealed that these functions can be differentially affected in mutants, depending on the site of the lesion. Using mosaic analysis, we have shown that the requirement for eya in the eye is autonomous to postembryonic eye progenitor cells, and is thus independent of the embryonic function of the gene. Finally, we analyzed the relationship between the expression and function of two alternative eya transcripts.
Structure of the eya gene
The fine map of the eya eye and embryonic phenotypes revealed that disruptions at any location within the gene can have similar effects on eye development, but that disruptions in the 3′ region preferentially affect the ability of animals to survive embryogenesis. Only the type II transcript is expressed in the embryo. Two alleles have chro- Fig. 5 . Adult eye phenotype of eya viable and lethal mutants. Scanning electron micrographs of (A) wild-type; (B) eya 2 /eya 2 , an eyeless allele that is fully viable; and (C) eya E11 /eya E11 , a semi-lethal allele that produces a few homozygous adults. The presence of compound eyes in reduced viability mutants such as seen in (C) suggests that the eye and vital phenotypes of eya can be differentially mutated. Scale bar, (C) 50 mm. mosomal breaks in the 3′ region of the gene, in locations that would severely disrupt this transcript. As anticipated, these alleles have the properties of genetic nulls, showing strong embryonic lethality. From the intron/exon map (see Fig. 1 ), chromosomal breaks within 5 kb proximal to this region would be expected to leave the type II transcript intact, and indeed they show less lethality. One of them, eya X1 , shows complete embryonic viability. These results suggest that the embryonic function of the eya gene, encoded by the type II transcription unit and the cis-regulatory regions necessary for embryonic expression, are located distal to the X1 breakpoint.
In contrast, the function required for eye development is similarly affected at various sites across the gene, consistent with the expression in the eye of the type I transcript, which spans the entire gene (see Fig. 1 ). This suggests that regu- Fig. 7 . Expression of eya in wild-type and eye-specific eya mutants. eya in situ expression, detected by a probe from a common region of the type I and type II transcripts, in (A-D) embryos and (E,F) eye discs, from normal animals (A,C,E) and viable eya mutants (B,D,F). While expression in the mutant embryos appears normal (B,D), expression in the mutant eye progenitor cells is absent (F). The eya alleles used are null for the early function of eya in eye progenitor cells (Bonini et al., 1993) latory sequences important for expression in the eye disc affect both transcripts similarly, while those critical for embryonic expression are preferentially associated with the type II transcription start site.
Although the proteins predicted from the two classes of transcripts show divergent N-termini, either protein alone was capable of restoring eya function to eye progenitor cells in mutants. To test for potential interactions between the two cDNAs we did rescue experiments with a single copy of the type I cDNA, or a single copy of the type II cDNA, or with one copy of each. The phenotypic rescue as measured by eye size was dose-dependent, with one copy of either cDNA rescuing half as well as two copies. Furthermore, the eye size observed with one copy each of both cDNAs was similar to that observed with two copies of either cDNA (data not shown). Because that result showed no detectable interaction between the two eya gene products in the eye, we interpret the expression of both transcripts in the eye disc as a consequence of transcriptional regulation, rather than a requirement for proteins with distinct functions. Both transcripts must respond to the regulatory elements defined by the eye-specific alleles. Moreover, given the elaborate embryonic expression pattern of the type II transcript, some mechanism must account for the remarkably selective restriction of only the type II transcript to the embryo, while allowing both to respond to eye regulatory sequences.
Genetic data presented here and previously suggest that the eye-specific alleles eya 1 and eya 2 may be defective in cis-regulatory regions necessary for eya expression specifically in eye progenitor cells. By this hypothesis, only the eye function of the gene is affected in these alleles, leaving other functions of the gene intact. We confirmed this by showing that in these mutants, eya is expressed normally in the embryo but is missing in the eye primordium. Interestingly, these two mutations form a class that complements other alleles by transvection (Leiserson et al., 1994) . It has been proposed that two alleles interact by transvection when the cis-regulatory regions of one allele are able to drive transcription in trans from the other, enhancer-defective allele (Pirrotta et al., 1985; Zachar et al., 1985) .
The regulatory controls we have defined with these viable eya alleles are of great interest with respect to the molecular pathway of eye development (see Desplan, 1998) . Our molecular genetic analysis indicates these alleles define critical eye-specific regulatory elements -given the critical, central role of eya in eye development (Desplan, 1998) , future analysis of these regulatory regions to determine how they encode eye-specific expression at the molecular level may be of great insight into fundamental aspects of eye development. We have in hand additional alleles, eya 3cs and eya 4 , which are viable but not eye-specific. Both eya 3cs and eya 4 mutants lack normal ocellar development; eya 3cs is temperature-sensitive and also shows female sterility. These data suggest that the molecular basis of these alleles is either in additional transcriptional controls, or in the protein. If the phenotypes are due to mutation of the protein sequence, this would suggest that there are subdomains of the protein that are required for different functions of the gene.
eya genetic mosaics provide evidence for early differentiation steps anterior to the furrow
In a previous study, we suggested that the eya gene normally acts in eye progenitor cells near the time of the morphogenetic furrow, prior to or at the time of the normal wave of cell death anterior to the furrow (Bonini et al., 1993) . Experiments using conditional rescue constructs show that the mutant phenotype can be rescued, at least partially, by providing gene function in the third instar larval stage, during the period when the furrow normally progresses across the eye progenitor field. The eya gene is normally expressed during the third instar stage in eye progenitor cells anterior (and continuing posterior) to the furrow, with expression beginning in mid-second instar larval stage (Bonini et al., 1993) . In addition to these temporal considerations, the genetic mosaic analysis showed that the consequence of loss of eya function in any one progenitor cell is spatially restricted to that cell and its descendants, and we saw little trace of the mutant patches in the adult eye. The eya mutation is therefore cell-lethal to eye progenitor cells.
A similar result has been reported by Pignoni et al. (1997) . In experiments in which mutant patches were observed in third instar larval eye discs, they observed that eya − clones appear to proliferate excessively, causing abnormal folds in the disc. The adjacent normal tissue appears to differentiate normally, and after passage of the furrow, the eya − clones die (Pignoni et al., 1997) . Interestingly, relatively small eya mutant clones often have little effect on the adult eye (this study, and Pignoni et al., 1997) . One interesting feature raised by the mosaics is the difference between eya homozygous mutants (with global reduction of eya function) and eya mosaics (with local reduction of eya function). The furrow progresses in an orderly way in the former (i.e. it waits; Bonini et al., 1993) and in a disorderly way in the latter (i.e. the furrow moves around the eya mutant clone; Pignoni et al., 1997) (Heberlein and Rubin, 1991) . Similar scars are seen in mosaics of hs-rough (Heberlein et al., 1993) . Apparently, death of cells that have begun differentiation leaves a hole in the pattern, resulting in scar formation. We have found that ectopic expression of eya can induce eye formation, suggesting that the eya gene can directly influence the eye differentiation pathway (Bonini et al., , 1998 ). Although we know that the eya gene functions anterior to the furrow in eye progenitor cells, and that eya is essential to progenitor cells for survival, questions still linger about its role in development and cell death. Is its role primarily associated with repression of proliferation or of a cell death pathway? Or is death in eya mutants a consequence of a differentiation step gone awry, similar to hh mutants where cells ahead of the furrow die because they fail to receive appropriate signals to differentiate? The interest in the molecular function of eya is heightened by discovery of murine and human Eya homologs. Analysis of its function in the Drosophila model system may furnish useful clues to the functions of its counterparts in humans.
Experimental procedures
Fly strains
The alleles of eya used in this study are described in Bonini et al. (1993) . The whs strain is of genotype w 1118 ; P[ϾwhsϾ]17A, and was generously provided by Kent Golic and Susan Lindquist (Golic and Lindquist, 1989) . It has a P-element insert, located in polytene division 33, bearing a white gene under the control of a heat shock promoter. When reared under normal (non-heat shock) conditions, this white gene is semi-dominant. Flies were cultured on standard cornmeal medium at 25°C.
Crosses
Five males and five virgin females of the appropriate genotypes were mated in vials for approximately 1 day, then transferred to bottles. Flies were allowed to lay eggs for 3-5 days, then transferred to fresh bottles, or discarded. In this way, the bottles were not allowed to get overcrowded. For the crosses testing combinations of lethal alleles, the genotypes of the parents consisted of eya a /Bal x eya b /Bal where eya a and eya b represent the two alleles being tested and 'Bal' represents the chromosome used to balance the lethal allele (usually SM6a or CyO). For assays in which survival to adulthood was scored (e.g. Table 1 and Fig. 6 ), the complete F1 generation of adults from at least one bottle was scored. To obtain the 'percent of expected' value, the number of viable flies lacking the balancer chromosome was normalized to the 1/3 progeny expected if all the progeny lacking the balancer chromosome were viable.
Mosaic analysis
Males and virgin females of the appropriate genotypes were mated in vials, then transferred to egg laying chambers fitted with petri dishes half-filled with standard cornmeal medium. Embryos were collected every 24 h and allowed to age for an additional 24 h. The plates bearing the larvae were irradiated with 1000 R to induce somatic recombination. The rate of somatic mosaicism detected in the eye was approximately 3% of total eyes observed. 
Transgenes and transformation
Standard molecular techniques were used (Sambrook et al., 1989) . EcoRV-XbaI restriction fragments bearing either the type I or type II cDNAs were directionally subcloned into pCaSpeR-hs, via the HpaI and XbaI sites. After purification on CsCl gradients, the plasmids were mixed in ratios between 5 and 10 to 1 with a transposase source, phsp. The mixture of DNA was ethanol precipitated, then resuspended in an injection buffer at a concentration of 500-1000 mg/ml. The injection procedure was that of Bonini et al. (1993) , except that w 1118 embryos were injected. Transformant lines were established and balanced. The ability of each transgene to rescue the mutant eya phenotype was tested by crossing the transgenes into respective eya mutant backgrounds. Flies were allowed to lay in vials for 12 h, then the vials were aged for an additional 48 h. The vials were subjected to heat-shock in a 37°C water bath in the following approximate daily regime, starting in the morning: 1 h at 37°C; 6.5 h at 25°C; 0.5 h at 37°C; 6.5 h at 25°C; 1 h at 37°C; then overnight at 25°C. The vials were heat-shocked until a substantial number of animals had pupated (around seven days). Scanning electron microscopy was performed as described by Leiserson et al. (1994) .
Tissue in situ and antibody expression
These studies were performed essentially as in Bonini et al. (1993) . Probes specific to the type I and type II transcripts were generated by PCR, using primers specific to the two N-terminal domains, and labeled by random primer reaction.
